these new sources of surface water, we picked planktonic foraminifera from two cores in the outer St. Lawrence estuary (Fig. 1 ) that span the Younger Dryas interval: G. bulloides and N. pachyderma (s) from core HU90031-047 (45°51.14'N, 57°37.56'W; 473 m depth), and G.
bulloides from core HU90031-044 (44º39.41'N, 55º37.13'W; 1381 m depth). (17, 18) . We use an existing sea surface temperature (SST)
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record from core 044, based on dinoflagellate-cyst assemblages (11) ( months out the year during the Younger Dryas (11) indicates that planktonic foraminifera grew in the 3 months of summer, the season of the SST reconstruction. We then estimate salinity variations in the estuary on the basis of a δ 18 O seawater record from core 044 (Fig. 2b ), and applied a salinity calibration (Mg/Ca (mmol/mol) = 0.311 x salinity) (18) . These combined corrections have a propagated error of ~30% (16) (see supporting online methods). Subtracting these temperature and salinity components from our measured Mg/Ca values and normalizing to the lowest resulting value produces a ΔMg/Ca record that reflects changes in Mg/Ca of the estuary.
Foraminiferal ΔMg/Ca increases by ~2.5 mmol/mol at the onset of the Younger Dryas (Fig. 2d ), a signal that had been masked in our Mg/Ca record by the corresponding decrease in SST and salinity (Fig. 2a, 2b ). We attribute this increase to the routing of western Canadian runoff to the St. Lawrence River due to retreat of ice out of the Lake Superior Basin.
Specifically, rivers draining shale and carbonate bedrock in areas of western Canadian Plains that were routed to the St. Lawrence basin during the Younger Dryas ( Fig. 1) have [Mg] that are ~6 to 10 times higher (~0.6 to 1.0 mmol/kg) than the [Mg] of the integrated St. Lawrence River system (~0.1 mmol/kg) (19) prior to the Younger Dryas. At ~12.7 kiloyears before present (kyr BP), ΔMg/Ca increases again by ~1.5 mmol/mol, indicating a further increase in freshwater flux from western Canadian Plains.
Using our geochemical mixing model and assuming similar river chemistry as today and a pre-Younger Dryas flux of 0.07 Sverdrup (7) (1 Sverdrup (Sv) = 10 6 m 3 s -1 ), we find that an increase of 0.07 Sv in freshwater discharge for the St. Lawrence River (Fig. 3 ) derived from these source waters would explain the initial Younger Dryas ΔMg/Ca signal (see supporting online methods). The subsequent increase in ΔMg/Ca at 12.7 kyr BP can be explained by an additional flux increase of 0.06 Sv (Fig. 3) . Because the dinoflagellate-cyst SST reconstruction records temperature near the water surface whereas G. bulloides may live deeper in the mixed layer, the increases in ΔMg/Ca and modeled base flow discharge during the Younger Dryas are maximum estimates. However, evidence for atmospheric cooling in Maritime Canada (20) Our measured increase in U/Ca is thus consistent with the routing of U-rich surface waters from the western Canadian Plains following the opening of the eastern outlet of Lake Agassiz.
Unlike the ΔMg/Ca record, however, the initial U/Ca increase is gradual until 12.7 kyr BP when it rapidly rises to a peak at 12.5 kyr BP. We attribute the slow initial rise in U/Ca to the According to the conventional routing hypothesis, surface waters from western Canada continued to drain through the eastern outlet of Lake Agassiz to the St. Lawrence River until ~11.5 kyr BP, when ice readvance across the outlet rerouted surface waters either to the south (Mississippi River) (6) (7) (8) or to the northwest (Mackenzie River) (32) (Fig. 1) . In contrast, all proxies from core 044 indicate that salinity started to increase ~12. (Fig. 4) . Our results thus resolve the timing of continental routing during this critical period of deglaciation and suggest that the increase in base flow discharge in the St. Lawrence River forced the Younger Dryas cold event.
Our results also offer new strategies for investigating whether similar mechanisms may have been responsible for other abrupt climate changes.
In addition, our source-water tracers reveal the cause of ocean and climate variability that occurred during the Younger Dryas. All our routing proxies show that, rather than a constant flux of freshwater as generally implied by the conventional routing mechanism (7, 8) , freshwater base discharge varied during the Younger Dryas with a two-stepped increase at the start of the Younger Dryas followed by a decrease to pre-Younger Dryas values centered at ~12 kyr BP when freshwater was diverted to the Arctic Ocean. This intra-Younger Dryas routing event is in excellent agreement with proxies that indicate an increase in the AMOC (1-3) (Fig. 4) and attendant warming of the surface ocean (36, 37) (Fig. 5d,f) and atmosphere (38-40) (Fig. 5a ,b,c), increased southeast Asian monsoon intensity (41) (Fig. 5g) , and a cooling over Antarctica (42) (Fig. 5h) during the Younger Dryas. These same proxies then suggest that the AMOC subsequently decreased (Fig. 4) with an attendant climate response at a time when our tracers suggest a rerouting of western Canadian freshwater back to the St. Lawrence River (Fig. 5 ). This tight coupling between changes in freshwater fluxes to the North Atlantic basin, changes in the AMOC, and changes in climate further emphasizes the sensitivity of the climate system to relatively small changes in the hydrological cycle.
Methods
Samples were physically cleaned, prepared with a flow-through method that removes any effects of diagenesis and overgrowths (43), and analyzed by high-resolution ICP-MS for U/Ca and Mg/Ca. Sr-isotopes were analyzed by multi-collector ICP-MS and TIMS. We constructed age models from previously published 14 C ages for 044 (11) and new 14 C dates from 044 and 047 (Table 1) , giving us age control approximately every 430 years (Fig. 2) . All 14 C ages are reservoir corrected (11, 26) and calibrated (44). The agreement between benthic mollusk shell ages and planktonic foraminifera ages (11) indicates that any changes in the freshwater flux to the estuary did not affect the reservoir age.
We thank A. deVernal and C. Hillaire-Marcel for isotope data; the Bedford Institute of 18 O seawater having a sensitivity of 35% to changes in salinity) (1, 2) , the error in the Mg/Ca:sea surface temperature (SST) relationship is less than 10% (with Mg/Ca having a 10% sensitivity to changes in SST) (3) (4) (5) , the error in Mg/Ca:salinity relationship is~75% (with Mg/Ca having a 4% sensitivity to changes in salinity) (3) and the error in the dynoflagellate SST reconstruction is 18 to 20% (6) . We use the equation for error propagation (7):
... Lawrence estuary. To account for any changes in bathymetry, we correct for sea level lowering and isostatic depression as well as the marine incursion of the Champlain Sea (9) . These corrections, however, do not substantially change the geometry of the estuary from its modern shape. Also, our core locations are at the river distal end of the estuary and the chemistry there would likely not be influenced by a shift in the river-ocean mixing front due to an increase in river flux.
For Sr-and O-isotopes, we use previously determined ratios and concentrations for T r and I r . We use the modern Sr-isotope ratio for T r (10) in water discharged to the ocean through a given outlet:
where W is a constant of proportionality that weights the chemistry of a basin by the discharge of the basin relative to the total discharge through an outlet (F r ). We initialize our value of W according to the discharges for each basin derived by Licciardi et al. (16) .
We then assume that any change in total discharge through an outlet as needed to match our data will be accompanied by a proportional change in discharge from each basin so that W remains constant. These model results in the river end member concentrations listed in supporting online Table 2 .
To calculate discharge from our data, we convert modeled [U], [Mg] and [Ca] into estuary foraminiferal U/Ca and Mg/Ca records following Russell et al. (17) and Delaney et al. (18) , respectively, which can then be compared against our data. We initialize our model with the river discharge (F r = 0.07 Sv) of Licciardi et al. (16) prior to the Younger Dryas. We then solve our model for discharge (F r ) at the initial increase at the start of the Younger Dryas, the peak discharge during the Younger Dryas, the intraYounger Dryas event, and the subsequent rerouting event near the end of the Younger Dryas. We determine the error in our discharge estimates using two standard deviations in discharge between the independent routing proxies from the average of all the proxies.
In using modern river data, we assume that chemical weathering rates during the Younger Dryas were analogous to modern weathering rates, which introduces some unknown error into our calculations. The error that we calculate for our base discharge estimate, however, likely encompasses any climate-induced changes in the weathering.
In addition, the surface of the western Canadian Plains is covered by glacial till with a composition of primarily locally derived bedrock and Canadian Shield, creating a homogeneous weathering source for our freshwater tracers. The residence time of freshwater in Lake Agassiz may also have affected water chemistry. However, with a volume of 1,400 kmLake Agassiz is 160 ± 40 days, which is likely of short enough duration that limnologic processes had little effect on water chemistry. Additionally, this model does not account for any consumption or production of Mg, Sr, Ca or U in the estuary. It is well established that Mg, Sr and Ca behave conservatively in estuarine environments. In contrast, U can be consumed by particulate rain at low salinities (practical salinity units (psu) <10) and produced by colloid and particulate disintegration at high salinities (psu. >20) (20) . The actual contribution of these processes is variable for different river systems. However, given the exponential relation between suspended load and discharge, we attempt to include the effect of U release from colloids and particulate matter at high salinities in the mixing model by: 
